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Biographical Memoirs
The irreversible changes observed were attributed in part to recrystallization effects and in part to the effect of heating on the occluded gases. As the thickness of the film was increased-the thickness was obtained by weighing with a micro-balance-the specific resistance gradually fell to that of the bulk metal. Later Joliot (13) tried out, or suggested several applications for such thin films; in particular for the construction of sensitive bolometers of very small heat capacity and also for thermo-junctions, for which purpose the advantages of the later much used lead sulphide was remarked on: transparent films of metal salts such as silver iodide were studied and the technique of making films of gold 100 A thick without support was worked out. This latter method was utilized by G. P. Thomson in his pioneer experiments on the diffraction of electrons.
Joliot's second paper, in collaboration with Onoda (2) , describes a very precise determination of the Bragg curve of polonium in hydrogen, and the stopping power of this gas relative to air.
In 1927 he published his first paper with his wife, Irene Curie. This was a new and precise determination of the number of ions produced when alpha particles from R aC ' and from polonium are completely absorbed in air. This number was an important constant, particularly at that time, since on it depended the estimation of the number of disintegrations a second from one gramme of radium. This was followed by a number of papers, some with Irene Curie and some alone. The main subjects were the properties of thin films, the electro-chemistry of the radioactive elements, and the nature of soft rays accompanying the emission of alpha rays from polonium. In addition Joliot (11) attempted to improve on Jacobsen's determination of the mean life of RaC' as being about 10-6 second: this was about a hundred times larger than the value obtained from the extrapolation of the Geiger-Nuttall relation. Joliot found that the lifetime was less than 10-6 second. Later experiments by others have shown that the real value is 1 -45 x 10-4 second.
Joliot much later stated that he still did not know what went wrong with his measurements.
About 1930 Joliot began to use the Wilson cloud chamber for the study of radioactive disintegration processes, in particular for the study of the heavy recoil atom when an alpha particle is emitted. For this purpose he designed a novel type of chamber which contained little but water vapour at room temperature, so that the pressure at the end of the expansion was about 1 cm Hg, giving ranges of the recoil tracks some 76 times that corresponding to atmospheric pressure (44). Using actinium emanation in the cloud chamber (14) the recoil tracks of the heavy atoms produced when an alpha particle was emitted had a length of some 7 mm. It was thus possible to study in great detail the very complicated recoil tracks. In many cases two or more tracks diverged from the point of disintegration. Measurements of the angles suggested that the additional particles set in motion must have been heavy and were most likely atoms of actinium emanation and AcA, which must have been members of a compact group or cluster, before one of them disintegrated. Many branches were observed along the recoil tracks: these were attributed to collisions with the light atoms of the gas in the chamber. This study of heavy recoil tracks was to prove useful many years later for the study of fission.
In 1931 the two collaborators (15) described the preparation of a very strong source of polonium of the order of 200 millicuries, by a combination of electrolytic and volatilization methods. This considerable technical achievement was to prove of vital importance during the following year. At that time the source was the largest ever prepared. Strong sources of the natural radioactive elements were, at that time of course, the essential basis of the investigation of nuclear structure-they played the role then which the big accelerating machines play today. Very considerable experimental skill and a detailed knowledge of radio-chemistry were required for this task and here the long and fine tradition of Marie Curie's laboratory played an important role. Both Joliot and his wife were themselves skilled radio chemists and the former had taken the electro-chemistry of the radio elements as the subject of his thesis for his doctorate in the previous year (8).
This strong source of polonium was put to exciting use at the end of 1931 and the beginning of 1932. The Joliot-Curies were following up the dis covery by Bothe and Becker in Germany in 1930 of the emission from boron and beryllium, when bombarded by alpha particles from polonium, of a radiation which was much more penetrating than any gamma rays from natural radioactive substances. Bothe and Becker attributed this radiation to gamma rays of several million volts energy emitted from the bombarded nuclei. Joliot and Irene Curie energetically followed up this work making use of their very strong polonium source, and very rapidly made a quite unexpected and very important discovery, published in the Comptes Rendus on 18 January 1932 (17). Using an ionization chamber with a thin window, they found that the radiation from beryllium, when bombarded by alpha rays, had the property of setting hydrogen nuclei in rapid motion. This was deduced from the following experiment. The radiation was passed through a filter of 1 • 5 cm of lead into an ionization chamber. When thin sheets of different substances were placed between the filter and the ionization chamber, no appreciable change in intensity was observed, except when substances containing hydrogen, such as paraffin, water or Cellophane were used, in which case a marked increase, in some cases a doubling of ionization was observed. When thin films of aluminium were placed between the paraffin absorber and the ionization chamber, it was found that the secondary and highly ionizing radiation was completely absorbed in 0 • 2 mm of aluminium. These simple and elegant experiments led to the inescapable conclusion that the penetrating radiation from the beryllium when bombarded by alpha particles was capable of setting hydrogen nuclei in rapid motion. This conclusion was soon confirmed directly by observing the tracks of the protons with a Wilson cloud chamber (19). The Joliot-Curies attempted to explain these results by supposing that the rays were photons of extremely high go Biographical Memoirs energy. They were quite aware of the difficulty of maintaining this view, since they calculated that photons of 50 million eV would be needed to produce, by the Compton mechanism, the high energy protons observed, and that the probability of such a process according to the Klein Nishina formula, was far too small. They recognized therefore that their interpreta tion required one to postulate a new mechanism of interaction of photons with matter.
The correct theoretical interpretation of these striking results fell to Chadwick at the Cavendish Laboratory, Cambridge. As soon as he read in the Comptes Rendus issued on 18 January 1932 of the Joliot-Curies' discovery of the projection of fast protons, he recognized that the rays responsible could not be energetic gamma rays, as the Joliot-Curies thought, but must be the long-thought-of and searched-for neutron.
It is not difficult to hazard the guess that if the Joliot-Curies had delayed publication of their experimental results for a few weeks they might them selves have been led to the correct explanation of their results. As an indication of the speed with which the researches in the two countries progressed one notes that between December 1931 and June 1932 the JoliotCuries published seven notes in the Comptes , and that Chadwick's account of his experimental and interpretative work was published in Nature on 17 February, just four weeks after the Joliot-Curies' first publi cation.
In a survey of his researches written a few years ago Joliot pointed out that few discoveries can be traced to such separate distinct steps. First came Bothe and Becker's experimental discovery in 1930 in Germany that certain light elements emitted very penetrating radiation when bombarded by alpha particles. Then in January 1932 in France the Joliot-Curies showed that this radiation could set light nuclei in violent motion. Finally, just over a month later Chadwick in England confirmed the results and showed they implied the existence of the neutron.
The next important series of experiments carried out by the Joliot-Curies concerned positive electrons. In this case the initial discovery was by Carl Anderson in the U.S.A. in September 1932, who identified the track of a positive electron amongst the tracks of cosmic ray particles in a cloud chamber. In the early spring of 1933 Occhialini and Blackett confirmed the existence of these particles by the counter controlled cloud chamber method and related their production and disappearance to Dirac's theory of 'holes'. The Joliot-Curies energetically entered this field (25, 26, 27) and made important investigations into the formation of positive electrons by gamma rays from radioactive sources. Amongst other things they investigated the production of positrons in elements of increasing atomic number and showed that more positrons were produced but with the same maximum energythis agreed with the predictions of the Dirac theory. They obtained the first recorded photograph of the production in the gas of an expansion chamber of a pair of positive and negative electrons. They also deduced the existence of a process of internal materialization in which an excited nucleus emits an electron pair instead of a gamma ray. Oppenheimer later gave the first theoretical treatment of this effect.
The annihilation radiation of positive electrons was studied by Joliot, employing Thibaud's method using the trochoidal path of electrons in the fringing field of a magnet and demonstrated that the photons were indeed nearly all of energy about me2, that is about 500 keV, in agreement with Dirac's theory.
From an analysis of the energy of the radiations in the transmutation of boron-10 the Joliot-Curies deduced that the neutron must be heavier than the proton and so unstable against decay into a proton and an electron (29), though they greatly over-estimated the energy of decay. Certain difficulties in understanding some of the observed transformations led them to envisage that a nucleus with an excess of protons might capture an atomic electron. The final proof of the existence of this process of electron capture was made by other workers a few years later.
The study of the emission of both neutrons and positive electrons from light nuclei bombarded by alpha particles led naturally to the greatest achievement by Frederic Joliot and Irene Curie: this was the discovery of artificial radioactivity. In a short paper (38) published on 15 January 1934, they described how by simple measurements with a Geiger counter they had observed that, whereas the emission of neutrons ceased immediately the source was removed, the emission of positrons continued, decaying exponen tially with the time as for a normal radioactive element. The elements aluminium, boron and magnesium gave decay periods of 3 min 15 s, 14 min and 2 min 30 s respectively. The initial intensities were relatively large: about 150 counts a minute were found for all three elements using a source of 60 millicuries of polonium. The elements H, Li, C, Be, N, O, F, Na, Ca, Ni, Ag gave no effect: the Joliot-Curies thought that the activity possibly existed but had too short a period to be observed with their experimental arrangement. That the rays were positrons was shown by the trochoidal method for aluminium and boron. When the energy of the alpha rays was decreased the intensity of the activity was decreased but the period of decay remained unchanged. These results suggested the existence of a new type of radio-activity with the emission of positrons. For aluminium the reaction seemed to be Alg+HeJ -P * + n '
The new isotope of phosphorus formed would then decay with the emission of a positron thus P8 * Si3°+*+ Similar reactions were shown to hold for boron and magnesium where the radioactive elements produced were N13 and SifJ. The authors pointed out that it was highly probable that other bombarding particles such as protons and deuterons would also produce radioactive isotopes. g2
Convincing as were these results, it was necessary to exclude the faint possibility that the activity might be due to some kind of excited state of the bombarded nucleus rather than to a new and different element. So the Joliot-Curies set out to test whether the active elements were chemically distinct from original nuclei. In the case of boron they irradiated boron nitride and then treated it with hot dilute sodium hydroxide when it decomposed with the evolution of ammonia. They showed that the non volatile residue was inactive but that the ammonia was active, with a 14 minute period. Similarly with aluminium: an irradiated sheet was dissolved in hydrochloric acid and evaporated to dryness when the residue was found to be inactive. The active element was shown to have combined with the hydrogen evolved to form a gaseous compound. When however the aluminium was dissolved in aqua regia then no activity was found in the gas. Now it was known that phosphorated hydrogen, PH3 behaves in just this way, that is, it is formed with HC1 but not with a mixture of HC1 and H N 0 3. Thus the presumption that the active element was indeed an isotope of phosphorus was strong. The chemical operation took only 3 min, compared with a decay period of 3 min 15 s for the radioactive aluminium. This beautiful chemical proof that transmutation had occurred was published on 5 February 1934, three weeks after the first paper.
This great discovery of artificial radioactivity was recognized in the following year, 1933, by award of a Nobel Prize for Chemistry jointly to Irene Curie and Frederic Joliot; Joliot in his address at Stockholm drew attention to the possibility of chain reactions involving neutrons. At this time their ages were 38 and 35.
It has always been an oddity of scientific history that the discovery of artificial radioactivity was not made many years before 1933. It certainly could have been if a determined search for it had been made with the normally available strong radioactive sources and sensitive electrometers. However, there is no doubt that the development in 1929 by Geiger and Muller of the tube counter named after them did greatly facilitate the measurement of weak beta activities. But it still remains strange that this instrument was not used for the search for induced radioactivity sooner than it was: there must have been many laboratories where this could have been easily achieved. In fact the Joliot-Curies' discovery of induced radioactivity arose out of two independent discoveries, that of the neutron and of the positron. Though the positron could well have been discovered many years before it was, if some simple and obvious experiment had been made, this is not so for the neutron. Here there was no clear signpost to the goal. Two chance discoveries had to come to pass and one of these depended on the availability of very strong sources of polonium. As the only radioactive substance which emits almost only alpha rays and no gamma rays or beta rays, it had a very great advantage over the much more readily available and stronger sources of radium and thorium active deposits which emit strong j8 and y rays. These special properties of polonium were decisive for the discovery of the projection of light nuclei which would have been difficult with a big back ground of gamma rays from an active deposit source. However, for the discovery of artificial radioactivity, polonium was not at all necessary, since the source was removed before the intensity of the irradiated specimen was measured: so the experiment could have been made easily using active deposit sources. When the discovery was finally made by the Joliot-Curies it was simple, elegant, complete, and opened up a whole new field of physics.
The production of more new radioactive isotopes by the use of protons, deuterons and neutrons soon followed as the Joliot-Curies had predicted. An important technical basis of the discovery of induced radioactivity was their high skill in radiochemistry which owed much to the great school of Marie Curie. This skill was utilized both in the preparation of the essential polonium source and in the chemical identification of the minute amounts of active elements the number of atoms of which were not more than 100000. On the conceptual side Frederic and Ir&ne Joliot showed their usual flair for the simple and effective experimental arrangement, combined with keen physical understanding and great experimental skill.
The next few years saw many new researches by the Joliots and by their colleagues, and a number of these were in the ever-widening field of induced radioactivity. A useful aid to this work was the construction of a 1*2 million volt Van de Graaff machine, which when used to accelerate deuterons, gave sources of radioelements 100 times as powerful as those obtained with natural radioactive sources.
In 1937 Joliot was appointed to a professorship at the College de France, where he set about creating a centre of research in nuclear physics and chemistry: among his collaborators were Savel, Halban, Kowarski and Pontecorvo. The construction of a 7 MeV cyclotron was begun and some 20 publications from the laboratory appeared in the first year.
At the same time Joliot was occupied with the setting up of a new laboratory under the Centre National de la Recherche Scientifique (CNRS). This was named the 'Laboratoire de Synthese Atomique' and contained departments of physics, chemistry and biology in close collaboration, and an animal house. Close relations were maintained between Joliot's two institutes and the Institut du Radium where Irene Curie continued to work.
At the end of 1938, Hahn and Strassmann in Berlin showed that uranium underwent fission under the action of neutrons. This discovery stimulated a vast output of researches from laboratories in many countries. Within a year, when the outbreak of the Second World War and the prospect of atomic explosives closed down publication in this field, over a hundred publications had appeared in the world's scientific journals. Joliot and his colleagues entered energetically into this new field and between January and October 1939 published eight papers (57 to 64). Nearly simultaneously with Frisch in Copenhagen Joliot showed that the energy of fission was of the order of 200 MeV, as was expected from the masses of the elements concerned. This was done by collecting the recoiling fragments from a thin uranium sheet under neutron bombardment and measuring their range in air, which was found to be about 3 cm. He also succeeded in taking the first cloud photo graph of a fission fragment.
With Halban and Kowarski, he showed that about three fast neutrons were emitted when uranium suffered fission by a thermal neutron. This result led to the expectation that a diverging chain reaction should occur in a suitable arrangement of uranium and of a material to slow down the fast neutrons. Convergent chain reactions were produced in this way in the laboratory and the practical possibility of attaining a divergent, but control lable chain reaction in a heterogeneous arrangement of uranium and heavy water or graphite was clearly envisaged. Control by the use of absorbing materials such as cadmium was proposed.
Five patents were taken out covering various aspects of the problem of obtaining useful power from uranium fission, three being in the names of Halban, Joliot, Kowarski and Francis Perrin, and two, concerning the problem of the requisite heterogeneity and of the limits of the dimensions of the reacting system, were in the names of Halban, Kowarski and Joliot. These patents were given to the CNRS and later transferred to the Com missariat a l'Energie Atomique. If the whole field of nuclear energy had not been overwhelmed by military considerations, these patents might well have proved commercially valuable. At that time, that is towards the latter part of 1939, it is probable that Joliot and his colleagues had carried realistic thinking about the practical possibilities of extracting useful power from uranium farther than any other group in the world.
Shortly before the defeat of France in 1940 Joliot had succeeded with the help of M. Raoul Dautry, then Minister of Armaments, and whom Joliot had told of the possibility of atomic explosives, in acquiring from Norway the whole of the world's stock of heavy water for experiments on reactor systems. He also obtained from Belgium 7 tons of uranium oxide. When the fall of Paris was imminent the uranium oxide was hidden to be recovered after the war and used for the first French experimental pile in 1948; and Joliot arranged for the heavy water to be smuggled to England in the charge ol Halban and Kowarski.
In the British Government statement, issued on August 12 1945, immedi ately after Hiroshima and Nagasaki, the work of Halban and Kowarski is referred to in the following paragraph:
'These two French physicists had been sent by Professor Joliot to this country at the time of the fall of France in June 1940. They brought with them the 165 litres of heavy water-practically the whole world stock of this material-which the French Government had bought from the Norsk Hydro Co. just before the invasion of Norway. Drs Halban and Kowarski were instructed by Professor Joliot to make every effort to get in England the necessary facilities to enable them to carry out, with the co-operation of the British Government, and in the joint interest of the Allies, a crucial experi ment which had been planned in Paris and for which the heavy water had been acquired. Facilities were provided at the Cavendish Laboratory, Cam bridge, and by December 1940 they produced strong evidence that in a system composed of uranium oxide (as actually used) or uranium metal with heavy water as the slowing-down medium, a divergent slow-neutron fission chain reaction would be realized if the system were of sufficient size. It seemed likely that, if uranium metal were used, this critical size would involve not more than a few tons of heavy water. ' In October 1939, a few weeks after war broke out, Halban, Joliot, Kowarski and Perrin had published a paper in the Journal de Physique et du Radium entitled 'Mise en evidence d'une reaction nucleaire en chaine au sein d'une masse uranifere ' (64). On 30 October Halban, Joliot and Kowarski deposited a sealed envelope with the Academy of Science. This was opened in 1949 and the enclosed paper by Halban, Joliot and Kowarski entitled 'Sur la possibility de produire dans un milieu uranifere des reactions nucleaires en chaine illimitee' was published in the Comptes Rendus in November 1949 (75). The former paper gives an account of the following experiment. A copper sphere 50 cm in diameter was immersed in a bath of water and was itself filled either with water, 300 kg of powered uranium oxide U 30 8 or a given mixture of oxide and water. At the centre of the sphere was placed a neutron source consisting of 1 g Ra and 160 g Be. The intensity of the neutrons was measured by the activity of a dysprosium detector placed in the sphere or in the water outside, so giving the curve / = f(r), where r is the distance from the centre. This curve was measured with the sphere filled with water, dry oxide and various mixtures of oxide and water. A detailed discussion of the rather complicated results led the authors to the conclusion that the number of observed neutrons was over twice as many as that which could be expected to result from primary fission, assuming the already demonstrated value of 3-5^0-7 neutrons per fission by thermal neutrons. Consequently they concluded that it was necessary to assume that a convergent chain reaction was taking place.
In the second paper, kept secret at the time as described above, the condition for a divergent chain reaction in a homogeneous system containing only U, H and O, is given as ( 1 -a ) (1 -p )( 1 -r) (l-s) y> \ where a is the mean probability of escape of a neutron by diffusion from the system, p is the probability for absorption by resonance in an infinite system, y is the mean number of neutrons produced at a fission process and 
Using the best available data the authors conclude that it is almost certainly impossible to obtain a divergent chain reaction in a homogeneous reactor containing hydrogen and uranium in their natural isotopic ratios. They held that an enrichment of as little as 1:1*2 in the ratio of 235U to 238U would suffice to allow a divergent reaction to proceed. They also discussed the alternative method of using heavy instead of ordinary water. Finally they showed that it might be possible to obtain a divergent chain reaction with a mixture of natural uranium and natural water, provided that the two were heterogeneously distributed. This is now known not to be the case. They suggested spheres or cubes of a hydrogen-containing material such as paraffin, distributed in a mass of uranium, and that the size of the spheres should be intermediate between the diffusion distance of a thermal neutron before capture by hydrogen and the free path of a neutron in the energy range for resonance in uranium. These considerations suggested that with hydrogen spheres with a diameter of a few centimetres, distributed in the oxide of uranium so as to give a global composition of about 1 hydrogen atom to 1 uranium atom, a divergent chain reaction should be possible. It was pointed out that this would be much easier to achieve if deuterium-rich water was used instead of natural water.
There is little doubt that, had the war not intervened, the world's first self-sustaining chain reaction would have been achieved in France.
All work on chain reactions in uranium stopped with the occupation, when the German military authorities took over Joliot's institute. In September 1940 a meeting took place in Joliot's office at the College de France between M. Faral, representing the administration of the College, and Professor Erich Schumann, representing the German military authorities. Joliot agreed to continue as Director of the Laboratory of Nuclear Chemistry under the condition that no work of military character should be carried out by the group of German scientists which the German Administration intended to set up in the Laboratory, particularly to work with the cyclotron.
Soon after this W. Gentner, who had worked in Joliot's Institute from 1932 to 1934, was sent as interpreter with a German military mission to Paris, and amongst other things to enquire into the whereabouts of Joliot's heavy water and uranium. However the former was already in England and the latter was safely buried. Gentner arranged a secret meeting with Joliot and asked him if he would like him to become leader of the German group at the institute: Joliot replied that he would prefer him to anyone else. With the help of Professor Bothe, Gentner managed to get himself appointed head of the German physics group with a written agreement with the German authorities that no research for military purposes should be done at the Institute. This agreement became most useful to Gentner when on two occasions Joliot was arrested by the Gestapo and Gentner, aided by the military, successfully intervened to get him released. Writing of this period M. Pierre Savel, lifelong friend and collaborator of Joliot, wrote of Gentner's 'aide precieuse pour Joliot et pour nous tous'.
In 1943 Gentner was recalled to Germany because of his 'weakness' and a new group of German scientists were installed under the direction of National Socialist diehards. Several attempts were made by them to use the cyclotron for their own purposes, but it always happened that technical faults developed and the Germans never succeeded in getting any experiments carried out.
In 1944 Joliot arranged for Langevin to escape to Switzerland and he himself had for a time to go into hiding. In 1941 Joliot had been concerned with the foundation of the 'Front National de Lutte pour la Liberation et PIndependence de la France', one of the main bodies organizing the Resist ance, and became its first President. During most of the war radio receivers and transmitters for the maquis were constructed in Joliot's laboratory and towards the end explosives were also manufactured.
During these years Joliot continued such scientific work as was possible with the limited means at his disposal. His 7 MeV cyclotron had now been finished, but was not available to him as it had been sealed by the German military. With his wife he studied the fission of ionium and measured the cross section relative to that of uranium and thorium, and they continued in a small way the study of the fission products of uranium, developing methods of separating and identifying them. Later Joliot became active in the field of biophysics and collaborated with M. Sue of the chemistry section of his laboratory at the College de France, and with a biologist, Professor Leblond, in the study of the metabolism of iodine, employing radioiodine. With M. Feyel and M. Sue he studied the permeability of the walls of the red corpuscles of the blood to sodium iodide, etc. With M. Robert Courrier, Professor of Endocrinology at the College de France, some important experiments were made of the role of iodine in the functioning of the thyroid gland, and in particular of the role of thyroxine and di-iodothyrosine. With M. Lacassagne he succeeded in producing a cancer in the liver of a rabbit by means of neutrons. As a result of this contact with the biological disciplines, Joliot formulated his views as to the methods of collaboration in the following passage:
'D'une fa$on generale, ces recherches en biologie nous ont montre combien est necessaire la collaboration etroite des chercheurs de discipline variees, se completant l'une 1'autre. II ne s'agit pas pour le Physicien de donner des conseils sur telle ou telle methode de mesure physique, mais de travailler effectivement sur le sujet biologique, sans pretendre a la competence dans ce domaine, mais en vue d'apporter une forme de pensee differente, s'ajoutant efficacement a celle, fondamentale, du biologiste.'
In August 1944, immediately after the liberation of France, Joliot was appointed Director of the Centre National de la Recherche Scientifique and, till January 1946, he was almost entirely concerned with its organization. During this period much was accomplished in the task of getting French science going again: among many other things an institute for nuclear physics at Strasbourg was created. Towards the end of 1945, Joliot recommended to the French Government that an organization be set up to take up the work of nuclear physics and its applications to tech nology which had been interrupted in 1940. As a result the Government created the 'Commissariat a l'Energie Atomique' under the direction of Joliot as High Commissioner and M. Raoul Dautry, then Minister of Reconstruction, as Administrator-General. It had been Dautry, who, as Minister of Armaments in 1940, at Joliot's suggestion, had acquired the world stock of heavy water from Norway. The other Commissioners were Irene Joliot-Curie, Francis Perrin, Pierre Auger, and General Dassault representing the Defence Ministry. Several French scientists, who had participated in the Anglo-Canadian Atomic Energy project, joined the organization, among them being Kowarski, Goldschmidt and Gueron. Together with many research workers from Joliot's own laboratory, a research station was quickly started in an old military fort at Chatillon on the outskirts of Paris and within two years, that is in 1948, the first French pile ZOE came into operation. This was a heavy water pile using uranium oxide and operating at up to 1000 kW. The next step was to start a very powerful new research centre for all branches of nuclear research and technology at Saclay about 10 miles south-west of Paris. Here were installed a 280 ton cyclotron, a 5 MeV Van de Graaff accelerator and a second pile, using graphite and uranium metal, with an output of 10000 kW. In the first thirteen years of its existence, 1946 to 1959, the French Atomic Authority has made spectacular growth and is the fourth largest in the world. It is planned to produce a quarter of France's electrical power from nuclear stations by 1975. In 1959 a 3 GeV proton synchrotron, Saturne, similar to that at Brookhaven in the U.S.A. started operation at Saclay and British workers are being invited to make experiments with it. This is the first machine in Europe, excluding the U.S.S.R., to produce strange particles.
In 1946 Joliot was elected a Foreign Member of the Royal Society of London and in 1947 was awarded the Hughes Medal.
When in January 1946 the General Assembly of the United Nations brought into being the Atomic Energy Commission, Joliot became a member of the French delegation, together with Pierre Auger and M. Parodi as leader. They were long in New York engaged in the discussions on the possible methods of control, arising out of the Lilienthal and Baruch Plans. Joliot also played an important part in the founding of Unesco and helped it through its early years.
In 1950 Joliot was dismissed from the post of High Commissioner of the Atomic Energy Authority on the grounds of his membership of the French Communist Party and was succeeded by Francis Perrin.
After he had left the Commissariat of Atomic Energy, he still retained a keen interest in its problems. In a speech made in 1954 to a society of industrialists, Joliot discussed very frankly the then somewhat disappoint ing state of physics in France, in comparison both with the state before the war and with the state that could, he felt, have been reached if the excellent younger generation of French scientists had been better supported. He particularly emphasized the paucity and low performance of the accelerating machines in France in especial contrast with those in Great Britain, a country he remarked as being of comparable economic strength. Since Joliot made these strictures some definite advances have been made, in particular the very successful machine Saturne at Saclay has come into operation.
In 1951 Joliot returned to full-time direction of both his laboratories, that at the College de France and that under the Centre National de la Recherche Scientifique: he continued to direct a large number of research workers in both these laboratories till his death in 1958. Ever since the war, in spite of his heavy administrative duties, Joliot had continued his lecture courses at the College de France, where the regulations insist that each professor must give a new course every year: during his tenure he recalled that he gave thirteen different courses of lectures.
His wife Irene Joliot-Curie died in 1956 and Joliot was appointed in her place as Professor of the Faculty of Science of Paris and Director of the Curie Laboratory of the Institute du Radium. In 1957, recognizing the need for more space and greater facilities for nuclear research than could be provided at his laboratories in the centre of Paris, he began the construction of a large new centre at Orsay, south of Paris. This was called 'Les Laboratoires de Physique et Chemie nucleaire de la Faculte des Sciences' and was financed by the CNRS. Amongst other equipment a 1000 MeV linear electron accelerator is now being constructed. The laboratory was just coming into operation at the time of Joliot's death.
From his earliest days Joliot was keen on sport and athletics, including Judo, tennis, skiing, sailing and above all sea fishing. Marie Curie had built a small house at Arcouest in Brittany and the Joliot-Curies spent most summers there with a sailing boat and with their two children and later grandchildren. Each winter they went to the Alps-Irene had long been an accomplished alpinist. Both their children have become scientists, Helene born in 1927 became a nuclear physicist and Pierre a biophysicist. Helene became the wife of Langevin's grandson, named Michel, thus uniting in marriage the families of the two old colleagues Marie Curie and Paul Langevin.
Joliot had debonair good looks, was gay and direct in manner and an excellent lecturer with a fine voice and command of language. In his later political days he found he also possessed the gift of mass oratory and could hold an open-air audience of hundreds of thousands of people.
Joliot's social and political interests began effectively after the rise of Hitler and the abortive coup in Paris in 1934, when he was drawn by Langevin into the organization of anti-fascist intellectuals. Langevin himself was all his life a radical in politics-he came of a Parisian working class family-and he believed passionately in the possibility of human betterment i oo Biographical Memoirs which could result from the rational application of modern science. Joliot had a considerable share in the foundation of the CNRS a few years later and was a member of its Council from the start. When the war came it was his profound feeling for France and for French culture which led him in 1940 to remain in Paris to carry on the fight against Hitler from there, while at the same time he encouraged and helped many of his colleagues to escape to England and America. It was his experience of his country's defeat and occupation and his work in the Resistance which led him in 1942 to join the French Communist Party; in 1956 he became a member of its Central Committee.
Joliot's ardent support of Communist policy inevitably resulted in some estrangement from some of his scientific colleagues. This came to a head at the time of his dismissal from the post of High Commissioner of the Com missariat a l'Energie Atomique in 1950. This took place not only at a time of great political tension resulting from the Korean War, but at a period when the French Government changed the original object of the French atomic organization which initially was to be concerned solely with the industrial and scientific aspects of atomic energy, and decided to make atomic bombs. Just at this time also in the United States a situation of great personal difficulty existed for many prominent atomic scientists, since the explosion of the first Soviet atomic bomb in 1949 had precipitated the struggle about the H-bomb, and involved them deeply in sharp controversy over many of the highly complex scientific, military and political aspects of atomic energy.
Some of the environmental conditions and innate qualities which played a major role in shaping Frederic Joliot not only as one of the outstanding experimental physicists of our time, but as the most notable French scientist and scientific administrator of his generation, are not hard to discern. He was lucky in his first teacher Langevin, the foremost French theoretical physicist of his day, who possessed a mind of exceptional lucidity and the gift of reducing a complex physical phenomenon to its simplest elements. Then came the experience of working in Marie Curie's famous laboratory with its great tradition not only of disciplined, painstaking and precise investigations, but of the discovery of unexpected new phenomena. Com menting much later on his early days as research worker, he wrote: 'Ce fut sous la direction d'un maitre exceptionnel, Marie Curie, qui j 'eus la chance de faire mon apprentissage de chercheur dans un domaine de la science merveilleusement attachant et vivant.' Commenting on some aspects of the apparatus with which he and his wife discovered the projection of light nuclei by the rays from a polonium and beryllium source, which led directly to Chadwick's discovery of the neutron, Joliot wrote: 'Certes, il faut partir d'une idee pregoncue mais chaque fois que cela est possible, l'experience doit etre montee pour ouvrir le plus de fenetres possible sur ce qui n'est pas prevue. "Qui peut le plus, sans gene, peut le moins." ' This expresses admirably the long-held view of the writer, but in a much more succinct manner than he has ever achieved. This principal was clearly exemplified in the greatest of Joliot's discoveries, that of induced radioactivity. Another interesting comment by Joliot on the art of experimentation referred to the occasional role of flashes of intuition-'ces eclairs de pensee'-as to the right way to proceed. ' J 'ai eu des brusques illuminations me fournissant la meilleure maniere de produire ou d'observer un phenomene, avec la sensation immediate que la methode ainsi suggeree etait unique et que toute autre serait moins simple. Cette sensation est rare, et je me rappelle au moins dans deux circonstance'. Much of Joliot's experimental work certainly had the characteristic of simplicity and directness. A French colleague wrote of him: 'Esprit clair et methodique il avait le don d'imaginer rapidement des experience simple qu'il executait avec grande ingeniosite et habilite. ' The relative part of the two lifelong colleagues Irene and Frederic in their great record of joint work is not easy to identify, which suggests, what is probably the truth, that this was a real collaboration of very similar aptitudes: possibly Irene may have been the better chemist and Frederic the better physicist-but this is by no means sure.
With the development of accelerating machines for nuclear particles, Joliot was not slow to realize that the natural radioactive sources, on which all nuclear physics had previously depended, would soon be superseded by machine-made sources. The 7 MeV cyclotron installed in his laboratory at the College de France just before the war was the first of such machines on the continent of Europe, excluding the U.S.S.R. When in 1944 he became Director of the CNRS, he energetically set about the task of providing French science as a whole with the necessary tools, without which the revival of French science to something nearer to its former glory could not be hoped for. In this task he achieved much, but not as much as he had hoped. 
